We recently reported that a functional ligand-binding site of an ␣-amino-5-methyl-3-hydroxy-4-isoxazole propionate (AMPA)-selective glutamate receptor (GluR)-D subunit can be expressed in insect cells as a soluble, N-glycosylated fusion protein consisting of two segments (S1 and S2) that are related by amino acid sequence to bacterial periplasmic binding proteins (Kuusinen, A., Arvola, M., and Keinä nen, K., EMBO J. 14, 6327-6332). In an attempt to further characterize the structural determinants for ligand binding, we have now expressed the ligand-binding sites of GluR-B and GluR-D subunits in Escherichia coli as soluble periplasmic proteins. The bacterially expressed S1-S2 fusion proteins bound [ 
Ionotropic glutamate receptors (GluRs) 1 mediate the majority of excitatory neurotransmission in the brain. GluRs are integral membrane proteins composed of subclass-specific sets of homologous subunits (for review, see Ref. 1) . Although the subunit number and stoichiometry of native GluRs remain to be established, characterization of recombinant GluRs has led to identification of segments and amino acid residues within individual GluR subunits that are likely to play roles in ion conduction and selectivity (2, 3) , desensitization (4, 5) , ligand pharmacology (6 -9) , and allosteric regulation (10) . In particular, examination of the pharmacological properties of mutated (7) and chimeric (8) GluRs has revealed that two segments, S1 and S2, that are related by sequence to bacterial periplasmic binding proteins (PBPs) (11, 12) actually participate in ligand recognition in GluRs (7, 8) . These bacterial proteins belong to the Cluster 3 of extracellular solute-binding proteins (13) with a specificity toward polar amino acids. They are composed of two structurally related lobes connected by two short peptide segments. Binding of the ligand drives a conformational change that results in the enclosure of the ligand in a cleft between the two lobes (14 -16) . By analogy, it may be envisaged that a similar mechanism may operate in the coupling between the ligand binding and the channel gate in GluRs.
In sequence alignments (8, 12) , one of the PBP lobes corresponds to the S1 segment and the C-terminal one-third of the S2 segment of GluRs, whereas the other lobe corresponds to the N-terminal two-thirds of the S2 segment. In GluR subunits, the S1 and S2 segments are separated by a sequence of about 100 amino acids containing three putative membrane-embedded segments (M1-M3). Recent models for the transmembrane topology of GluR subunits (17) (18) (19) predicting three transmembrane spanning segments (M1, M3, and M4, located C-terminally from S2) and one reentrant loop (M2) are consistent with the proposal that S1 and S2 segments together form an extracellular ligand-binding site. In contrast, observations by several laboratories on phosphorylation of serine residues in GluR-6 (20, 21), GluR-A (22) , and GluR-A,-B,-C-, or -D (23), occupying different positions in the N-terminal half of the S2 segment, have been interpreted as evidence for intracellular location of the respective amino acids. This interpretation of the data is, however, clearly inconsistent with the proposed PBP-like structure of the ligand-binding site in GluRs, as the phosphorylated residues localize in a region that contributes to ligand binding pharmacology (7, 8) and is part of the binding site in PBPs.
We recently demonstrated that a soluble, insect cell-expressed fusion protein consisting exclusively of the S1 and S2 segments of the AMPA-selective GluR-D subunit binds [ 3 H]AMPA with an affinity and a pharmacological profile very similar to those of the native membrane-bound receptor, whereas the separately expressed S1 and S2 segments did not show any binding activity (24) . In the present study, we show that functional AMPA-selective ligand-binding sites of GluR-B and GluR-D subunits are formed upon expression of the respective S1-S2 fusion proteins in Escherichia coli periplasm, indicating that N-linked glycans do not directly participate in ligand binding or the formation and maintenance of the ligandbinding site. Furthermore, we used bacterial expression of S1-S2 fusion proteins to examine the role of the segment encoded by the alternatively spliced flip and flop exons (4) in ligand binding. E. coli strains DH5␣ and HB101 were used for cloning and expres-* This work was supported by the Academy of Finland and the Technology Development Center of Finland (TEKES). The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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‡ To whom correspondence should be addressed. Tel.: 358-0-456 5142; Fax: 358-0-455 2103; E-mail: kari.keinanen@vtt.fi. 1 The abbreviations used are: GluR, glutamate receptor; AMPA, ␣-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid; IPTG, isopropyl-1-thio-␤-D-galactopyranoside; PBP, periplasmic binding protein; PCR, polymerase chain reaction. sion, respectively (25) . All molecular biology enzymes were from from Boehringer Mannheim and New England Biolabs Inc. The oligonucleotides used in this work (Table I) (30) , was excised from plasmid pK503-4 (24) as an NcoI-HindIII fragment and cloned into similarly treated pKKtac. The resulting plasmid for expression of GluR-D/S1-S2 (flip isoform) is designated as pK504 -5. The flop isoform of GluR-D/S1-S2 and a deletion mutant lacking the flip/flop segment (GluR-D/S1-S2⌬F) were generated by using PCR. Briefly, the S2 (flop) segment was amplified with primers 1905 (5Ј) and 1680 (3Ј) using a pBluescript plasmid containing a full-length GluR-D cDNA (flop isoform; Ref. 28 ) as a template, whereas primers 1905 (5Ј) and 2058 (3Ј) were used to amplify the S2⌬F segment, which is a C-terminal deletion lacking the flip/flop segment and 10 adjacent Cterminal amino acids (GluR-D residues 765-813). The PCR products were size-fractionated by agarose gel electrophoresis, excised from the gel, digested with SalI and SacI, and used to replace the corresponding fragment in pK504 -5. The resulting plasmid vectors were designated as pK508 -2 (GluR-D/S1-S2-flip) and pK508 -3 (GluR-D/S1-S2⌬F) (see Fig. 1 
for details).
A fusion protein consisting of the S1 (residues 404 -545) and S2 (residues 648 -812) segments of GluR-B was constructed by PCR as follows. The coding sequence of the S1 segment was amplified by using PCR with the primers 2209 (5Ј) and 371 (3Ј), and the S2 coding sequence was produced by using primers 2210 (5Ј) and 2211 (3Ј). The template was a pBluescript harboring full-length GluR-B (flop) (28) . After digestion with appropriate restriction endonucleases (S1, EclXI and SalI; S2, SalI and SacI), the fragments were assembled into an EclXI/SacItreated pKKtac derivative containing an N-terminal Flag and a Cterminal His tag (see Fig. 1 ). The resulting plasmid was designated pK601-3. The correctness of the sequences was verified by DNA sequencing (Sequenase, U. S. Biochemical Corp.).
Bacterial Expression-For expression, the plasmids were introduced into E. coli strain HB101. Expression of the recombinant protein was induced in 50 -250 ml of logarithmically growing (A 600 0.8 -1.2) shaker flask cultures by adding IPTG to a final concentration of 1 mM and transferring the cultures to a shaker platform at 30°C. After 2 h of constant shaking, the cells were harvested by centrifugation (12,000 ϫ g, 15 min, 4°C). The culture medium was Luria broth supplemented with ampicillin (100 g/ml). Periplasms were prepared from the cell pellets as described previously (25) , cleared by ultracentrifugation (60,000 ϫ g, 30 min, 4°C), and analyzed by Western blotting and radioligand binding as described below.
Ligand Binding-Periplasmic preparations were dialyzed extensively (48 h, 4°C, five buffer changes) against 100 volumes of 30 mM Tris-HCl, pH 7.2, 100 mM KSCN, 2.5 mM CaCl 2 (AMPA binding buffer) containing 10% glycerol. Aliquots containing 50 -100 g of protein were then assayed for [ Other Methods--Samples were resolved by 15% SDS-polyacrylamide gel electrophoresis and transferred to nitrocellulose. The blots were incubated with the primary antibodies (anti-Flag M1, 10 g/ml; Ref. 29) , followed by visual detection using alkaline phosphatase-conjugated goat anti-mouse antibody (Bio-Rad).
Protein concentrations were determined by using the bicinchoninic acid assay (Pierce) in a microplate format according to the manufacturer's instructions. Bovine serum albumin was used as a standard.
RESULTS
Expression of a functional ligand-binding site of the AMPAselective GluR-D subunit as a secreted glycoprotein consisting of the S1 and S2 segments joined by a hydrophilic linker peptide prompted us to study whether similar fusion proteins would fold correctly in bacterial cells as periplasmic ligandbinding proteins. This would be further evidence for a close structural relationship to bacterial amino acid-binding proteins and would provide a convenient tool to characterize the binding site by mutagenesis. For the generation of S1-S2 fusion proteins, we chose GluR-B and GluR-D subunits and expected to see binding of [ The expression constructs (see Fig. 1 for an outline) were cloned into an IPTG-inducible expression plasmid pKKtac, which contains the pelB signal peptide and was originally designed for secretion of antibody fragments to periplasm (26) . A Flag epitope positioned N-terminally right after the predicted signal peptide cleavage site was used to monitor the expression of the fusion proteins in E. coli HB101 cells. Furthermore, recognition of the Flag epitope by the anti-Flag M1 antibody is indicative of the processing of the signal peptide since the antibody-Flag peptide interaction is strictly dependent on the exposure of the tag at the extreme N terminus of the polypeptide (33) . In a whole cell immunoblot (Fig. 2) , anti-Flag M1 detected two strong bands with molecular masses of 35 and 40 kDa and several smaller sized bands in the size range of 18 -24 kDa in cells expressing GluR-B/S1-S2 (lane 3) and GluR-D/S1-S2 (lane 5) but not in control cells expressing a nonrelevant protein lacking the Flag peptide (single chain antibody, lane 1). Furthermore, these bands were only present after the induction by IPTG. These findings indicate that the 40-kDa species represents the intact fusion protein (calculated size of 40 kDa), whereas the smaller-sized bands in the anti-Flag M1 immunoblot most likely result from proteolytic degradation of the fusion protein. To establish whether the S1-S2 fusion proteins are actually secreted through the bacterial inner membrane, periplasms were prepared from the induced bacterial cells, cleared by ultracentrifugation, and analyzed by immunoblotting (Fig. 3) . In periplasms prepared from cells expressing GluR-B/S1-S2 (Fig. 3a, lane 2) or GluR-D/S1-S2 (Fig. 3b) , the 40-kDa species recognized by anti-Flag M1 antibody was present. A control periplasm expressing a single chain antibody with no Flag tag did not show any immunoreactivity (Fig. 3a,  lane 1) . Remarkably, the proteolytic degradation products that stained strongly in whole cell immunoblots were present in the periplasm at much lower amounts, suggesting that they may arise from misfolded polypeptide and remain associated with the bacterial membranes.
To examine the ligand binding activity of the bacterially expressed S1-S2 fusion proteins, the periplasmic preparations were dialyzed extensively to remove any endogenous glutamate and subjected to [ H]AMPA binding to dialyzed GluR-B/S1-S2 and GluR-D/ S1-S2 preparations was observed (Fig. 4a) . The binding was displaced in the presence 1 mM L-glutamate and was not observed with nondialyzed samples or with the control periplasm, indicating that the bacterially expressed and thus nonglycosylated S1-S2 fusion proteins are able to bind AMPA and glutamate. The binding was of high affinity with K d values in the nanomolar range; the K d values were 11-12 nM for GluR-B/ S1-S2 (Fig. 4b) and 50 -60 nM for GluR-D/S1-S2 (Fig. 4c) . These values are close to those of the respective intact receptors The pharmacological profile of the periplasmic S1-S2 fusion proteins was characterized by analyzing the displacement of (Fig. 5a ) and GluR-D/S1-S2 (Fig. 5b) (Fig. 6 ). All three fusion proteins were present as soluble proteins in periplasms prepared from IPTG-induced cells as judged by anti-Flag M1 immunoblotting (Fig. 6b) . The faster migration of GluR-D/S1-S2⌬F in SDS-polyacrylamide gel electrophoresis (S1-S2⌬F, 35 kDa versus 40 kDa in intact S1-S2) is consistent with the 49-residue deletion in S1-S2⌬F. In radioligand binding assay, [ 3 H]AMPA bound to dialyzed samples containing GluR-D/S1-S2 i or GluR-D/S1-S2 o with similar high affinity (K d 50 -60 nM), whereas no binding to S1-S2⌬F was observed (Table II  [ [ 3 H]AMPA with an affinity and pharmacological profile close to those of native AMPA receptors. The molecular design of the binding domains as S1-S2 fusion proteins is reminiscent of PBPs and was recently used to express the ligand-binding site of GluR-D as a soluble glycoprotein in baculovirus-infected insect cells (24) . The present study extends the previous results (24) to another AMPA receptor subunit, GluR-B, and another expression system, and it confines the localization of the structural determinants for ligand recognition in AMPA receptors to the S1 (GluR-D residues 404 -546) and S2 (GluR-D residues 649 -813) segments.
Although AMPA receptors, like all GluRs, are membrane glycoproteins (34, 35) , not much is known about the role of glycosylation in GluR structure and function. N-Glycans in the extracellular domains of the AMPA receptor subunits have been implicated in the mediation of the effects of lectins on desensitization (36) and in the folding, assembly, and transit of receptors to the cell surface (17, 37) . However, the particular glycosylated residues mediating these interactions have not been identified. The S1 segments of GluR-B and GluR-D contain two consensus sites for N-linked glycosylation sites (Asn-407 and Asn-414), and at least one of these is glycosylated in the insect cell-expressed GluR-D/S1-S2 fusion protein (24) . Since bacteria are not capable for N-linked glycosylation, the ligand binding activity of the S1-S2 fusion proteins expressed in E. coli clearly indicates that N-linked glycosylation is not required for the formation or maintenance of the correctly folded binding site.
Alternatively spliced flip and flop exons impart different kinetic properties to AMPA receptors (4) and different sensi- tivities to allosteric potentiation by cyclothiazide (10) . In the present study, the flip and flop forms of GluR-D/S1-S2 ligandbinding site had very similar affinities to [ 3 H]AMPA and displayed similar profiles in ligand displacement assays. However, a mutant (S1-S2⌬F) in which the whole flip/flop segment and the flanking 10 amino acid residues at the C terminus of S2 were deleted did not show any high affinity [ 3 H]AMPA binding, even at high radioligand concentrations (300 M). The solubility and periplasmic localization of the mutant protein suggest that a global misfolding, likely to lead to formation of insoluble aggregates, will not likely to explain the lack of binding activity in the S1-S2⌬F mutant. In PBP-based models, the flip/flop sequence maps right after the second crossover point to the bigger lobe (8, 38) . Although not directly involved in ligand binding, the location of this segment adjacent to a hinge region suggests that the presumed ligand-driven conformational change from open to closed regulating the channel opening may be affected by structural changes within the flip/flop segment. Accordingly, it is possible that the lack of binding activity in the S1-S2⌬F mutant is due to the inability of the binding domain to convert to a high affinity, closed conformation. Alternatively, the cysteine residue (Cys-795 in GluR-D) within the deleted segment may participate in a disulfide bond that is necessary for the binding.
Functional expression of ligand-binding S1-S2 fusion proteins strongly supports an extracellular two-lobed, PBP-like ligand-binding site in GluRs (7, 8) , which is consistent with the revised three-transmembrane segment model for the transmembrane topology of GluR subunits (17) (18) (19) . In contrast, the secretion and solubility of the S1-S2 ligand-binding domains produced in two different expression systems, insect cells (24) and bacteria (the present study), are clearly in conflict with reports claiming an intracellular location for serine residues at the N-terminal part of the S2 segment (19 -23) and the presence of an additional transmembrane segment between the S1 and S2 segments of the highly homologous GluR-6 subunit (39, 40) . Further investigations are needed to resolve this discrepancy, but alternative interpretations of the phosphorylation data, including potential involvement of extracellular protein kinase activity (41) , are discussed in Ref. 17 .
Finally, although G-protein-coupled receptors have been previously expressed in E. coli (42, 43) , this work is the first to demonstrate the expression of a functional agonist-binding site of a ligand-gated channel in bacteria. Expression of the ligandbinding domain of AMPA receptor subunits as a soluble protein in E. coli periplasm will provide a convenient platform for molecular studies on the mechanism of ligand recognition in glutamate receptors. 
